Introduction
Molybdenum-containing enzymes are found throughout the biological world, and catalyse critical reactions in the metabolism of purines and aldehydes, as well as nitrogen-and sulphur-containing compounds. The reason molybdenum is found in the active sites of so many enzymes has to do with the fact that molybdate salts are extremely water soluble; although the ratio of iron to molybdenum in the earth's crust is 3000:1 in favour of iron, molybdenum is approximately 5-fold more abundant in sea water owing to the greater solubility of molybdates relative to iron oxides. Coupled to this property of solubility are several aspects of molybdenum chemistry that make the metal well suited to participate in the catalysis of certain types of biologically important reaction. The metal is found in three different oxidation states (IV, V and VI) and has the desirable ability to couple biological compounds that are obligatory two-electron carriers (e.g. NADH) with obligatory one-electron carriers (e.g. iron-sulphur centres and cytochromes). In addition, reduction of molybdenum(VI) is tightly coupled to protonation of ligands to the metal, typically MoϭO or MoϭS groups to give Mo-OH or Mo-SH, respectively. Finally, MoϭO groups are found to be surprisingly labile, and a number of chemical systems are known in which the metal centre is able to act as a catalyst for oxygen atom transfer to and from suitable acceptors and donors. Given the ready availability of molybdenum in the environment and the unique aspects of its chemistry, it is hardly surprising that enzymes have evolved which utilize molybdenum to catalyse a variety of metabolic reactions.
Classification of molybdenum enzymes
There are at present more than 50 known molybdenum-containing enzymes (not counting enzymes that catalyse the same reaction in different species) [1] . In nitrogenase, molybdenum is found in a unique multinuclear metal cluster of complex structure. All other molybdenum-containing enzymes have active sites possessing a single molybdenum ion, with the metal co-ordinated to at least one equivalent of an unusual pterin-containing cofactor that has the structure shown in Figure 1 . This cofactor, called pyranopterin here (abbreviated to ppt; other names found in the literature include 'molybdopterin', 'molybdenum cofactor' or simply 'moco'), consists of a pterin species fused to a pyran ring that has a dithiolene unit by which it coordinates to the metal. This same cofactor is also found in all tungstencontaining enzymes that have been examined to date [2] . In molybdenum enzymes from eukaryotic sources the cofactor consists simply of the structure shown in Figure 1 , but in bacterial and archaeal enzymes it is found as a dinucleotide condensed with cytosine, guanine, adenine or hypoxanthine nucleotides. Not surprisingly, the biosynthesis of this cofactor is rather complex, involving at least 10 discrete gene products. These can be grouped loosely into proteins responsible for the transport of molybdate, the synthesis of the heterocycle, the incorporation of the dithiolene sulphur and, finally, the elaboration to the dinucleotide (in the case of the bacterial enzymes) and incorporation into the apoenzyme. Genes involved in one or more of these processes have been identified in Escherichia coli, yeast, Drosophila, Arabidopsis and humans, with considerable amino acid sequence similarity to be found among cognate proteins from different species [3] .
The molybdenum enzymes requiring the ppt cofactor fall into three distinct families on the basis of the structures of their molybdenum centres [1] . The first of these consists of enzymes that have an active site consisting of a (ppt)MoOS(OH) unit with a single equivalent of ppt co-ordinated to molybdenum in the oxidized enzyme ( Figure 1 ). This group of enzymes includes xanthine oxidase and xanthine dehydrogenase, as well as a number of aldehyde oxidoreductases (including three distinct aldehyde oxidases in humans), and a variety of enzymes that catalyse the hydroxylation of pteridines, quinazolines and related compounds. All these enzymes catalyse the hydroxylation of an activated carbon centre, in either an aromatic heterocycle or the carbonyl of an aldehyde, in a reaction that formally involves the removal of hydride from substrate and its replacement with hydroxide. The second family of enzymes consists of the sulphite oxidases and nitrate reductases from a variety of eukaryotic organisms; these enzymes have a (ppt)MoO 2 (S-Cys) unit in their active sites ( Figure 1 ) and they catalyse oxygen atom transfer to or from their substrates in reactions that are mimicked very well in the inorganic systems discussed further below. Finally, a diverse group of bacterial and archaeal enzymes exists, containing a molybdenum centre with the overall stoichiometry (ppt) 2 MoOX in their active sites. Two equivalents of the ppt cofactor are co-ordinated to the molybdenum, along with an oxo group (or hydroxide, in some cases) and an additional ligand (X), which is either a serine, a cysteine or even a selenocysteine residue. Most of these enzymes catalyse oxygen atomtransfer reactions, although some appear to catalyse simple dehydrogenation or oxidation-reduction reactions. I will now consider each of these three families in turn, with specific reference to their mechanisms of action.
The molybdenum hydroxylases
The molybdenum hydroxylases are complex enzymes, invariably possessing several redox-active centres in addition to the molybdenum. The hydroxlyation reaction occurs at the molybdenum site, whereas the other redox-active centres serve to transfer electrons to an external electron acceptor, such as O 2 or NAD. The focus of this Chapter is the molybdenum centre. Electron transfer involving the other redox cofactors will not be discussed. The one member of this family for which a crystal structure exists is the aldehyde oxidoreductase from Desulphovibrio gigas, an ␣ 2 dimeric enzyme with each subunit comprising two [2Fe-2S] centres of the spinach ferredoxin variety in addition to its molybdenum centre [4, 5] . The crystal structure reveals that the two identical subunits of the enzyme are built up in a modular fashion: two discrete domains at the N-terminus of the enzyme are responsible for binding the two iron-sulphur centres, with two larger domains together constituting the molybdenum-binding portion of the protein. The molybdenum centre is buried deeply in the enzyme, with a tunnel ~15 Å long providing solvent access to the metal site. The molybdenum centre possesses the overall structure shown in Figure 1 , with the molybdenum co-ordination sphere consisting of terminal MoϭO and MoϭS groups and an Mo-OH or MoOH 2 , in addition to the single equivalent of the ppt; the overall co-ordination geometry is that of a (distorted) square pyramid with the MoϭS at the apex. At present there is some ambiguity as to whether the second oxygen ligand is singly or doubly protonated, an issue that is important from a mechanistic standpoint as it is this oxygen that is incorporated into the hydroxyl group of product (see later). This ligand position points directly into the solvent access channel to the active site. Apart from the solvent access channel, the immediate protein environment about the metal is sterically constrained, particularly around the MoϭO. On the opposite side of the metal from the apical MoϭS group, a glutamate residue lies near (but not coordinated to) the metal. This residue may act as a general base in the course of the hydroxylation reaction, taking up a proton from the Mo-OH group during the reaction [5] . It is interesting that the amino group of the ppt is hydrogen-bonded to one of the cysteine ligands of the second iron-sulphur centre. Evidently, an important role of the cofactor in this enzyme is to mediate electron transfer from the molybdenum to the iron-sulphur centres. Also, given that there is no protein ligand to the metal, the cofactor serves to anchor the molybdenum centre in the polypeptide through numerous hydrogen-bonding interactions with amino acid residues. Because the pterin ring lies opposite the molybdenum from the solvent access channel, the pterin is not likely to participate directly in the chemistry catalysed by the enzyme.
Other molybdenum hydroxylases possess a flavin centre in addition to the three redox-active centres found in the D. gigas aldehyde oxidoreductase. From a comparison of the amino acid sequences for these proteins it is clear that a discrete flavin-binding domain has been inserted between the iron-sulphur and molybdenum-binding domains. This is a frequently encountered arrangement for molybdenum hydroxylases, although in some bacterial enzymes of this family the redox-active centres are found in separate subunits rather than as domains within a single polypeptide. In humans, in addition to xanthine oxidoreductase (which catalyses the hydroxylation of hypoxanthine to xanthine and xanthine to uric acid) there are at least three distinct aldehyde oxidases. There is a liver enzyme that is involved in generic aldehyde metabolism, another enzyme responsible for metabolizing retinal to retinoic acid in the retina, and a third enzyme that appears to catalyse the synthesis of retinoic acid as a developmental signal in the vertebrate embryo.
The reaction mechanism of the molybdenum hydroxylases has attracted a great deal of attention, principally due to the unique nature of the reaction catalysed. Other hydroxylating systems possess flavin, pterin, copper, haem or non-haem iron in their active sites, and catalyse hydroxylations according to the following stoichiometry (see Chapters 4-6 in this volume):
However, the molybdenum hydroxylases catalyse the reaction in the following way:
Water rather than molecular oxygen is the source of the oxygen atom incorporated into product, and reducing equivalents are generated rather than consumed. The molybdenum hydroxylases thus avoid the formal spin-forbidden reaction of triplet oxygen with a singlet substrate, but are not able to take advantage of the compelling thermodynamic driving force for the hydroxylation reaction that is provided by forming hypervalent metal-oxo oxidation states during the reduction of dioxygen to water (see Chapters 4-6 in this volume).
Certainly, the molybdenum hydroxylase that is best understood from a mechanistic viewpoint is xanthine oxidase from cow's milk. It has been known for some time that this enzyme bears a labile oxygen that is the immediate source of the oxygen incorporated into product, which is regenerated at the completion of each catalytic sequence with oxygen derived from solvent. On the basis of studies in several laboratories, it appears that this catalytically labile oxygen is the Mo-OH group of the molybdenum centre [6] [7] [8] other mechanisms have been proposed (reviewed in [1] ), the most reasonable chemistry leading to hydroxylation of substrate involves an initial nucleophilic attack by this Mo-OH group on the C-8 position of xanthine, followed by hydride transfer from C-8 to the MoϭS group (Figure 2 ), yielding Mo(IV) in complex with product. The attacking oxygen co-ordinated to the molybdenum is shown here as hydroxide rather than water, although at this point the issue is not settled. One would expect hydroxide to be a more effective nucleophile than water, and in the high Mo(VI) oxidation state the metal can act as a Lewis acid and favour unprotonated over protonated forms of oxygen (i.e. MoϭO and Mo-OH versus Mo-OH 2 ). Nevertheless, the Mo-O distance observed in the crystal structure of the D. gigas aldehyde oxidoreductase is 2.2 Å, more consistent with water than hydroxide.
Xanthine oxidase is able to hydroxylate a wide range of purines, pteridines and other aromatic heterocycles. The decay of the resulting reduced enzyme-product complex proceeds via two alternate pathways [1] . The relative contributions of these two pathways vary from one substrate to another. For xanthine and most other substrates the principal decay route involves initial dissociation of product from the molybdenum and its replacement with hydroxide from solvent ( Figure 2 ). The resultant (ppt)Mo(IV)O(SH)(OH) complex then decays to the starting (ppt)Mo(VI)OS(OH) species as electrons are transferred to the other redox-active centres of the enzyme, with concomitant deprotonation of the Mo-SH group. For certain substrates the predominant pathway for decay of the reduced enzyme-product complex involves initial one-electron oxidation (again by electron transfer to the other redox-active centres in the enzyme) and deprotonation of the Mo-SH group to give a (ppt)Mo(V)OS(OR) species that can be detected by EPR spectroscopy [Mo(IV) and Mo(VI) are EPR-silent]. The EPR signal exhibited by this species has varying degrees of intensity with different substrates for the enzyme, and has been studied extensively [9] . No coupling of protons to the molybdenum EPR signal is observed (this is the basis for concluding that the Mo-SH group deprotonates in the course of forming the EPR-active species). However, when 8-[ 13 C]xanthine is used to generate the EPR signal, coupling is observed to the Iϭ1/2 nucleus of the 13 C. The purine nucleus must therefore remain coordinated to the Mo(V) centre that gives rise to the EPR signal. Decay of this species is likely to proceed by dissociation of product, followed by co-ordination of hydroxide and, finally, full re-oxidation to Mo(VI). The pH dependence of each of these steps has been investigated (reviewed in [1] ) and found to be consistent with the addition or loss of protons in the course of the overall hydroxylation reaction indicated in Figure 2(C) . In the case of the first step of the reaction, evidence has been found for an essential active-site base (possibly Glu-1261 or the homologous Glu-689 identified above in the D. gigas aldehyde oxidoreductase structure), whose likely role is to deprotonate the Mo-OH, thereby making it a better nucleophile.
The eukaryotic molybdenum oxotransferases
The eukaryotic molybdenum oxotransferases also possess other redox-active centres in addition to their molybdenum centres. Sulphite oxidases from vertebrates have an N-terminal cytochrome b domain, followed by the molybdenum-binding portion of the enzyme. The enzyme oxidizes sulphite to sulphate at the molybdenum and subsequently reduces cytochrome c, a reaction that takes place at the b-type cytochrome. Nitrate reductase has a molybdenum-binding portion of the protein with considerable amino acid sequence similarity to that of sulphite oxidase. This is linked to a cytochrome b domain (highly homologous not only to that of sulphite oxidase, but also to bovine cytochrome b 5 ), and a flavin-binding domain. In this enzyme, reducing equivalents in the form of NADH or NADPH enter via the flavin, and are subsequently transferred to the molybdenum centre (presumably via the btype cytochrome), where nitrate is reduced to nitrite. The molybdenum centres of these enzymes have long been recognized to be fundamentally very similar to each other, but distinct from those of xanthine oxidase and other molybdenum hydroxylases. The fact that one enzyme oxidizes sulphite and the other reduces nitrate has more to do with the relative stabilities of the NϭO and SϭO bonds than with intrinsic differences in the two active sites; this important point has been quantified thermodynamically [10] .
The crystal structure of chicken sulphite oxidase has been reported recently [11] , and the protein is found to consist of three distinct domains: the b-type cytochrome domain referred to above, a molybdenum-binding domain and a third domain possessing an overall fold of the immunoglobulin type that provides the subunit interface in the dimeric enzyme. The molybdenum centre has a distorted square-pyramidal co-ordination geometry, with an apical MoϭO; the ppt cofactor, an Mo-OH, and a co-ordinated cysteine define the base of the pyramid (Figure 1 ). Given the X-ray absorption spectroscopic evidence that the oxidized form of sulphite oxidase has two MoϭO groups, but that one becomes protonated to Mo-OH upon reduction of the enzyme [12] , it is likely that the enzyme used for the crystallographic determination was reduced in the crystal, either by the X-ray beam or by contaminating sulphite in the LiSO 4 that was used to crystallize the protein. Adjacent to the molybdenum centre is a likely substrate-binding pocket that has three arginine residues in an appropriate position to bind the negatively charged sulphite ion.
The reaction catalysed by sulphite oxidase is fundamentally more straightforward than that of the molybdenum hydroxylases and, as alluded to above, there is abundant chemical precedent for reactions of the type shown in Figure  3 . These dioxo Mo(VI) compounds can transfer an oxo group to a suitable acceptor (usually a phosphine), and the cognate mono-oxo Mo(IV) complexes accept an oxo group from a suitable oxo donor (e.g. DMSO) to return to the dioxo Mo(VI) form [13] . In the case of sulphite oxidase, the most likely mechanism involves attack of a sulphite lone pair on one of the oxo groups of the molybdenum centre (probably the equatorial rather than apical oxo group, as indicated in Figure 4 ). This gives a reduced Mo(IV)-product complex that must then decay by product dissociation and replacement by hydroxide to give the form of the enzyme that was apparently analysed crystallographically. As with the molybdenum hydroxylases, completion of the catalytic sequence involves re-oxidation via electron transfer (to the haem), with concomitant deprotonation of the Mo-OH group to regenerate the second oxo group.
Consistent with the first step in the above mechanism, in which the chemistry is initiated by a substrate lone pair rather than by co-ordination of sulphite to the molybdenum centre via one of its oxyanion groups, it has been found that dimethylsulphite is able to reduce sulphite oxidase [14] . The K d for this reaction is ~500-fold greater than is seen with sulphite as substrate but,
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Figure 3. The model compounds related to the eukaryotic molybdenum oxotransferases and their reactions with oxygen atom acceptors and donors
Note that the third example is able to use water as the source of oxygen in regenerating the labile oxygen from the Mo(IV) complex, as does sulphite oxidase. Ph, phenyl; t-BuPh, t-butylphenyl; SPh, thiophenol; L, molybdenum ligand not including oxygen and SPh. importantly, the limiting rate constant for enzyme reduction in the high substrate-concentration limit is essentially unchanged (170 s Ϫ1 , compared with 194 s Ϫ1 for sulphite). The implication is that blocking the substrate oxyanion groups by methylation has no effect on breakdown of the enzyme-substrate Michaelis complex.
The bacterial molybdenum oxotransferases and related enzymes
As indicated above, the bacterial oxotransferases constitute the most diverse family of the enzymes considered here. Structurally, these enzymes may have either serine, cysteine or selenocysteine co-ordinated to the metal, and it appears that a few of these enzymes possess MoϭS rather than MoϭO in their active sites. Mechanistically, some of these enzymes catalyse dehydrogenation or oxidation-reduction reactions rather than oxygen atom-transfer reactions (e.g. the several formate dehydrogenases from E. coli and polysulphide reductase from Wolinella succinogenes, respectively). In contrast to the molybdenum hydroxylases and eukaryotic oxotransferases, many of these enzymes do not contain any flavins or iron centres that would give strong absorbance, so that the molybdenum centre, which has distinct, but weak, spectral properties, is not masked. These enzymes therefore provide a unique opportunity for mechanistic studies. The structures of two enzymes from this family have been determined crystallographically: the DMSO reductase from Rhodobacter species (both R. sphaeroides and R. capsulatus) [15] [16] [17] , and the formate dehydrogenase H from E. coli [18] . DMSO reductase has a serine coordinated to the molybdenum centre and no other redox-active centres are present, whereas formate dehydrogenase H has selenocysteine co-ordinated to the molybdenum and possesses a [4Fe-4S] centre as an additional redox group; In both cases the molybdenum co-ordination sphere of the active site consists of a pair of ppt cofactors, an oxygen ligand and the amino acid residue. The overall co-ordination geometry is that of a trigonal prism, as indicated in Figure 1 . There is actually considerable uncertainty regarding the active site structure of DMSO reductase. The crystal structure of the DMSO reductase from R. capsulatus has been determined independently by two different groups [16, 17] , and whereas the overall polypeptide fold is virtually identical to that of the R. sphaeroides enzyme, two alternate structures for the molybdenum centre, each different from that shown in Figure 1 , have been reported. In the first [16] , although there are two equivalents of the ppt cofactor present in the protein, only one is co-ordinated to the metal. The second cofactor, although close, is not co-ordinated to the metal; the two ligand co-ordination positions at which the second cofactor would otherwise bind are occupied by terminal MoϭO groups. The second structure shows both equivalents of the ppt coordinated to the metal, but a seventh ligand to the metal is observed that is modelled as a long MoϭO group [17] . It has not been clarified whether the enzyme from either of these crystals is completely native and enzymically active. It is hoped that this rather confusing state of affairs will soon be resolved as the crystal structures are further refined.
Making the assumption that the active site of oxidized DMSO reductase has the structure shown in Figure 1 , a mechanism can be hypothesized in which the enzyme functions in a Ping Pong fashion between mono-oxo Mo(VI) and des oxo Mo(IV) forms, with the MoϭO oxygen of oxidized enzyme derived from substrate upon reaction with the reduced enzyme (consistent with the experimental observation that the enzyme possesses a catalytically labile oxygen in its molybdenum centre). It must be recognized, however, that given the uncertainties in the structure of the active site it is difficult to make any reliable predictions concerning the reaction mechanism at present.
Perspectives
Our understanding of the molybdenum enzymes is advancing rapidly, making it possible to address increasingly incisive questions concerning their structure and function. With regard to the reaction mechanism of the molybdenum hydroxylases, one key question that remains unresolved has to do with the structure of the initial Mo(IV)-P complex formed in the reaction with substrate: specifically, whether there is significant Mo-C bond character in this intermediate. It is hoped that the crystal structure of xanthine oxidase (or another member of this family that possesses a flavin domain in addition to the molybdenum and iron-sulphur centres common to all enzymes of this group) will be forthcoming soon. The development of suitable expression systems for these enzymes has become an extremely important objective, as these are essential for site-directed mutagenesis studies that can address the roles of specific amino acid residues in various steps of the catalytic sequence.
The recently reported crystal structure for sulphite oxidase provides a context for site-directed mutagenesis studies, and an expression system (for the human protein, at least) has been reported [19] . It is to be expected that rapid progress will be made in ascertaining the roles of specific amino acid residues in the reaction mechanism of this enzyme. Our understanding of the (plant) nitrate reductase is not nearly as well developed, although an expression system for the Arabidopsis enzyme has been reported recently [20] . Certainly the most important outstanding issue is the structure of the protein; in particular, the disposition of the molybdenum-, haem-and flavin-containing domains with respect to one another. Little mechanistic work has been done on any of the plant enzymes, and this represents an area that is likely to prove very attractive to new investigators.
For DMSO reductase, certainly the most important goal in the near term is resolution of the structure of the active site of the enzyme, but in the longer term, the extremely poor understanding of the reaction mechanism in general must be addressed. Because the only redox-active group in this enzyme is a molybdenum centre, there is an excellent opportunity to apply a wide range of spectroscopic techniques to probe not only the structures of oxidized and reduced enzyme, but also catalytic intermediates that are likely to be identified kinetically. The relationship of this enzyme to others with two equivalents of the ppt cofactor is presently only very poorly understood and, in particular, the differences in properties of a molybdenum centre with serine versus cysteine or selenocysteine co-ordination to the metal must be addressed. In addition, it remains to be seen whether all these enzymes are sufficiently closely related to justify their being classified in a single family (albeit with several subgroups). For all three families of molybdenum enzyme, it is expected that the application of computational approaches (including density functional calculations) will yield new insights into their reaction mechanisms.
Finally, our understanding of the biosynthesis of the ppt cofactor of the molybdenum (and tungsten) enzymes has advanced to the stage that most of the intermediates in the metabolic pathway and many of the gene products involved in the interconversion of these intermediates have been identified. Goals of immediate importance involve the expression, purification and characterization of these gene products so that the metabolic pathways in organisms ranging from E. coli to Drosophila, Arabidopsis and humans can be compared and contrasted. This area is advancing very rapidly at present, and it is to be expected that we will see important breakthroughs over the next few years. 
Summary

